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Abstract The aim of this study is to analyze the hydrodynamics of gas mixtures invoking a recently
proposed multifluid model. The model consists of a separate equation set for one component species of
the system and an equation set for average quantities of the mixture. Thereby, it provides details of the
flow fields for each of the constituents separately. The new model also computes transport coefficients
from some kinetic relations without the requirement of being input externally. Moreover, it automatically
describes diffusion processes excluding the use of any coefficients for ordinary, pressure and thermal
diffusion, which are generally required during Navier–Stokes computation of gas mixture flows.
In the present paper, the model that was applied with hard-sphere molecules is extended to include
more realistic molecular interaction descriptions (i.e. Maxwell repulsive potential and Lennard-Jones
12–6 potential). Moreover, the contribution of external forces is incorporated in the multifluid balance
equations. Afterwards, the resulting equations are solved for some gas mixture problems in the context
of a converging-diverging nozzle, and the importance of the molecular interaction description on the
hydrodynamics of the mixtures is analyzed.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Hydrodynamics of single-component gas flows have been
extensively studied in the past. In practice, however, one
deals with gas mixtures more often than with a single gas,
and thereby attention must be paid to the simulation of
gas mixture flows. Among continuum descriptions, the Euler
equations as well as the Navier–Stokes equations have been
successfully employed for the computation of gas mixture
flows in practical applications [1,2]. Several kinetic descriptions
have also been proposed by Chikhaoui et al. [3], Elizarova
et al. [4], Tahiri et al. [5], Andries et al. [6], Fernandes
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Open access under CC BY-NC-ND license.and Marques [7] and Kosuge [8]. Nevertheless, nearly all
these models carry several simplifying assumptions in their
constitutive relations, as well as their description of collision
frequencies. This prohibits their use in practical problems with
complex geometries. Consequently, application of thesemodels
has been restricted to simple mixture problems like Couette
flow or one-dimensional shock propagation.
Invoking the Grad’smethod ofmoment [9], Kamali et al. [10]
recently derived a new set of balance equations for the flow of
binary gas mixtures. The proposed multifluid model consists of
a separate equation set for one component species of the system
and an equation set for average quantities of the mixture.
Consequently, it provides details of the flow fields for each of
the constituents separately. This will be beneficial especially
in the circumstance of non-equilibrium wherein flow features
of the constituents are completely distinct. Such a condition
frequently occurs in rarefied flows or unsteady problems. The
derived multifluid model also computes transport coefficients
from some kinetic relations without the requirement of being
input externally. This removes uncertainties associated with
(i) transport coefficients of the constituents that are input
and (ii) transport coefficients of the mixture as a whole that
must be estimated in terms of properties of the constituents
from some semi-empirical correlations. Moreover, the model
automatically describes diffusion processes excluding the
use of any coefficients for ordinary, pressure and thermal
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computation of gas mixture problems. Since the derivation
of the model has been made without any assumption or
approximation, the resulting equations are applicable to
arbitrary flow conditions. Consequently, it can be utilized as an
effective simulation method for the study of gas mixture flows
in engineering applications.
To continue this effort, Zahmatkesh et al. [11] recently
employed the proposed model for simulation of the parallel
mixing of two gas streams initially separated by a splitter
plate. The model has also been used for viscous and inviscid
solutions of some gas mixture problems in the context of a
converging–diverging nozzle [12].
In the present paper, the model that was applied with
hard-sphere molecules is extended to more realistic molecular
interaction descriptions. This is triggered by the fact that
previous investigations of Naris et al. [13] have provided
evidence that the hard-sphere molecular interaction model is
not reliable when mixture problems are studied. Here, also, the
contribution of external forces is incorporated in the multifluid
balance equations to enrich them for possible future use.
Afterwards, the resulting equations are solved for some gas
mixture problems in the context of a converging–diverging
nozzle and the importance of the molecular interaction
description on the hydrodynamics of the mixtures is analyzed.
2. The multifluid model
2.1. Boltzmann equation
In the gas kinetic theory, evolution of a binary mixture
is described by two velocity distribution functions, namely,
fi(x, ci, t) (i = α, β). Here, x and t are the space and time vari-
ables, respectively, and ci is the molecular velocity vector for
the component species, i. The velocity distribution functions
are defined such that fi(x, ci, t)dxdci gives the number of the
constituent, i, in the phase space cell, dxdc, at time t . In the
presence of external forces, the distribution functions satisfy
the Boltzmann equation [14]:
∂ fα
∂t
+ cα·∂ fα
∂x
+ Fα
mα
· ∂ fα
∂cα
= Kαα + Kαβ , (1)
∂ fβ
∂t
+ cβ·∂ fβ
∂x
+ Fβ
mβ
· ∂ fβ
∂cβ
= Kβα + Kββ . (2)
Here, mα and mβ are the molecular masses, Fα and Fβ are the
external forces,Kαα andKββ are the collision terms that describe
collisions among similar particles (self-collision), while Kαβ and
Kβα are the collision terms due to interactions among different
component species (cross-collision). These collision terms
pose the greatest mathematical difficulties. While the term
‘‘collision’’ may stand for various kinds of encounter between
two particles, it is utilized here only for elastic collisions of
non-reacting gases, wherein translation kinetic energy remains
unaltered during collisions. This occurs in the mixtures of
monatomic gases. Themathematical complexity of the collision
term can be avoided if one invokes the Relaxation Time
Approximation (RTA) of Gross and Krook [15]. This approach
interprets the effect of collision as a combination of (i) self-
collision, which tends to relax the component species into their
Local Thermodynamic Equilibrium (LTE) state, and (ii) cross-
collision, which tends to relax each component species from itsown LTE towards a common LTE. The RTA leads to the following
set of equations for α and β:
∂ fα
∂t
+ cα·∂ fα
∂x
+ Fα
mα
· ∂ fα
∂cα
= υαα( ˜˜f α − fα)+ υαβ(f˜α − fα), (3)
∂ fβ
∂t
+ cβ ·∂ fβ
∂x
+ Fβ
mβ
· ∂ fβ
∂cβ
= υββ( ˜˜f β − fβ)+ υβα(f˜β − fβ). (4)
Here, υαα and υββ are the frequencies for self-collisions while
υαβ and υβα are cross-collision frequencies. The total number
of collisions between α and β should be balanced, i.e.:
nαυαβ = nβυβα, (5)
with nα and nβ being the number densities. Moreover, the
Maxwellian distribution functions, ˜˜f α , ˜˜f β , f˜α and f˜β , are defined
as:
˜˜f α = nα

mα
2πkTα
3/2
exp

− mα
2kTα
(cα − vα)2

, (6)
˜˜f β = nβ

mβ
2πkTβ
3/2
exp

− mβ
2kTβ
(cβ − vβ)2

, (7)
f˜α = nα

mα
2πkT˜α
3/2
exp

− mα
2kT˜α
(cα − v˜α)2

, (8)
f˜β = nβ

mβ
2πkT˜β
3/2
exp

− mβ
2kT˜β
(cβ − v˜β)2

. (9)
Here, vα and vβ are themacroscopic velocities, Tα and Tβ are the
temperatures, and k is the Boltzmann constant. Moreover, the
collision parameters, v˜α , v˜β , T˜α and T˜β , are:
v˜α = v˜β = mαvα +mβvβmα +mβ , (10)
T˜α = Tα + 2 mαmβ
(mα +mβ)2

(Tβ − Tα)+ mβ6k (vα − vβ)
2

, (11)
T˜β = Tβ + 2 mαmβ
(mα +mβ)2

(Tα − Tβ)+ mα6k (vβ − vα)
2

. (12)
2.2. Macroscopic balance equations
In continuum theories of rarefied gas dynamics, the state of a
gas is described bymacroscopic quantities. These quantities are
moments of the velocity distribution function and are obtained
by taking velocity averages of the corresponding microscopic
quantities as:
nα =

fαdcα =
 ˜˜f αdcα =  f˜αdcα,
nαvα =

cα fαdcα =

cα ˜˜f αdcα,
Eα =

mα
c2α
2
fαdcα =

mα
c2α
2
˜˜f αdcα,
nα v˜α =

cα f˜αdcα, (13)
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
mα
c2α
2
f˜αdcα,
qα = 12

mαC2αCα fαdcα,
Pα =

mαCαCα fαdcα.
Here, Cα = cα − vα is the peculiar velocity, Eα is the total
energy per unit volume, qα is the partial heat flux vector and
Pα is the partial pressure tensor (Pαij = nαkTαδij − τ αij ); all for
the component species α.
Multiplying the Boltzmann equations successively by 1,
c and c2/2, and thereafter integrating over the velocity
space, yields the macroscopic balance equations for the mass,
momentum and energy of α and β as:
∂
∂t
(nαmα)+ ∂
∂x
·(nαmαvα) = Sαβm , (14)
∂
∂t
(nαmαvα)+ ∂
∂x
·(nαmαvαvα + Pα) = nαFα + Sαβv , (15)
∂
∂t
Eα + ∂
∂x
·(Eαvα + qα + Pα·vα) = nαFα·vα + Sαβe , (16)
∂
∂t
(nβmβ)+ ∂
∂x
·(nβmβvβ) = Sβαm , (17)
∂
∂t
(nβmβvβ)+ ∂
∂x
·(nβmβvβvβ + Pβ) = nβFβ + Sβαv , (18)
∂
∂t
Eβ + ∂
∂x
·(Eβvβ + qβ + Pβ·vβ) = nβFβ ·vβ + Sβαe . (19)
For the sake of brevity, themass andmomentumequations have
been multiplied by the molecular masses. In this formulation,
Sm, Sv and Se are the mass, momentum and energy exchange
terms, respectively. The exchange terms are the moments of
the collision terms in the Boltzmann equations and will be
computed separately. Summing up Eqs. (14) and (17), the
continuity equation for the average flow field of the gasmixture
as a whole takes the form:
∂
∂t
(nm)+ ∂
∂x
·(nmv) = (Sαβm + Sβαm ), (20)
where n = nα + nβ andm = nαmα+nβmβnα+nβ .
The momentum and energy equations for the average flow
field can be obtained in a similar manner as:
∂
∂t
(nmv)+ ∂
∂x
·(nmv·v+ P)
= (nαFα + nβFβ)+ (Sαβv + Sβαv ), (21)
∂
∂t
E + ∂
∂x
·(Ev+ q+ P·v)
= (nαFα·vα + nβFβ ·vβ)+ (Sαβe + Sβαe ). (22)
Now, one may describe a mixture problem by Eqs. (20)–(22)
for the average flow field in conjunction with the balance equa-
tions for α (or β). Such a description is compatible with the so-
called 5ν-moment theory.
2.3. Moments of the external forces
In this section, moments of the external forces for the
component species α, are calculated. The procedure can be
repeated for the constituent, β , as well.Regarding the zeroth moment, which appears in the
continuity equation, it is assumed that Fα is independent of
molecular velocity and thereby:
Fα
mα
· ∂ fα
∂cα
dcα = F
α
i
mα

∂ fα
∂cαi
d3cα
= F
α
i
mα
[fα]
cαi →+∞
cαi →−∞ d
2cα = 0, (23)
since fα → 0 as cα →∞.
The first moment that appears in the momentum equation
is calculated as:
Fα
mα
· ∂ fα
∂cα
cαdcα = F
α
i
mα

∂ fα
∂cαi
cαj d
3cα. (24)
After integration by parts, this term can be expressed as:
Fαi
mα

fαcαj
cαi →+∞
cαi →−∞
−

fαδijd3cα

= − F
α
i
mα
δij

fαd3cα = − nαmα F
α
j = −
nα
mα
Fα. (25)
For the secondmoment that appears in the energy equation,
one has:
Fα
mα
· ∂ fα
∂cα
c2α
2
dcα = F
α
i
2mα

∂ fα
∂cαi
(cαj )
2d3cα. (26)
Again, this can be integrated by parts as:
Fαi
2mα

fα(cαj )
2cαi →+∞
cαi →−∞
−

2cαj δijfαd
3cα

= − F
α
i
mα
δij

cαj fαd
3cα = − F
α
i
mα
δijnαvαj
= − nα
mα
Fαi v
α
i = −
nα
mα
Fα·vα. (27)
2.4. Computation of the exchange terms
Since only elastic collisions are concerned here, self-
collisions conserve mass, momentum and energy for each
component species, and thereby the three moments of the self-
collision terms on the right-hand sides of Eqs. (3) and (4) vanish.
For instance:
υαα(
˜˜f α − fα)
 1cα
c2α/2
 dcα = 0. (28)
Nevertheless, distinct species exchange momentum and en-
ergy, but not mass, during cross-collisions, since:
υαβ(f˜α − fα)dcα = υαβ

f˜αdcα −

fαdcα

= υαβ(nα − nα) = 0, (29)
υαβ(f˜α − fα)cαdcα
= υαβ

f˜αcαdcα −

fαcαdcα

= υαβ(nα v˜α − nαvα), (30)
υαβ(f˜α − fα)c
2
α
2
dcα
= υαβ

f˜α
c2α
2
dcα −

fα
c2α
2
dcα

= υαβ(E˜α − Eα), (31)
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E˜α = mαnα

cv,α T˜α + v˜
2
α
2

, (32)
here, cv,α is the constant volume specific heat for the compo-
nent species α.
Consequently, one arrives at the following exchange terms:
Sαβm = Sβαm = 0, (33)
Sαβv = nαmαυαβ(v˜α − vα), (34)
Sβαv = nβmβυβα(v˜β − vβ), (35)
Sαβe = υαβ(E˜α − Eα), (36)
Sβαe = υβα(E˜β − Eβ). (37)
It is evident from Eq. (33) that the right-hand side of Eq. (20)
is equal to zero. Nevertheless, according to Eqs. (5) and (10), the
corresponding terms in the momentum equation become:
Sαβv + Sβαv = mαnαυαβ(v˜α − vα)+mβnβυβα(v˜β − vβ)
= nαυαβ

(mα +mβ)mαvα +mβvβmα +mβ
−mαvα +mβvβ

= 0. (38)
In a similar manner, one arrives at:
Sαβe + Sβαe = 0. (39)
Consequently, the exchange terms vanish in the balance
equations of the average flow field. This coincides with the
mass, momentum and energy conservation of the mixture as
a whole. In conclusion, a set of equations compatible with
ordinary conservation of mass, momentum and energy for the
mixture is derived.
2.5. Determination of the collision frequencies
The frequency of cross-collision for a molecule α with β
molecules (υαβ ) can be obtained as:
υαβ = 163 nβΩ
(1,1)
αβ . (40)
Here, Ω(i,j)αβ denotes the Chapman–Cowling collision inte-
grals [16] that depend on temperature and the law of interac-
tion between particles. In this study, the following molecular
models are employed and their results are compared.
2.5.1. Hard-sphere model
In thismodel, the particles are pictured as rigid impenetrable
spheres with an interparticle potential function in the form of:
φαβ(r) =
∞ r < (dα + dβ)/2
0 r > (dα + dβ)/2. (41)
Here, dα and dβ are the molecular diameters and r is the
intermolecular separation. As can be observed, it works on the
simple premise that interaction occurs only when molecules
come into actual physical contact.
Here, the Chapman–Cowling collision integrals can be
computed exactly, which takes the following form [16]:
Ω
(i,j)
αβ =

dα + dβ
4
2 2πkT
mαβ
 1
2

1− 1+ (−1)
i
2(i+ 1)

(j+ 1)!,
(42)
withmαβ = mαmβ/(mα +mβ) being the reduced mass.2.5.2. Maxwell repulsive potential
In this molecular interaction description, the interparticle
potential function is approximated by:
φαβ(r) = καβ4
1
r4
, (43)
with καβ being a constant of proportionality in the force
law. This potential is also purely repulsive, but corrects the
exaggerated steepness of the hard-sphere model.
Here, the Chapman–Cowling collision integrals are ex-
pressed as [16]:
Ω
(i,j)
αβ =
1
2

2πkT
mαβ
 1
2  καβ
2kT
 1
2
Ai(5)Γ

j+ 3
2

, (44)
with Ai(5) being tabulated as pure numbers and Γ being the
gamma function.
2.5.3. Lennard-Jones 12-6 potential
In actual gases, intermolecular forces are repulsive at
small distances and weakly attractive at large distances. Such
behavior is most simply described by the Lennard-Jones 12-6
potential with the form of:
φαβ(r) = 4εαβ
σαβ
r
12 − σαβ
r
6
, (45)
where εαβ is the maximum energy of attraction, σαβ is the
distance atwhich the potential function of interaction vanishes,
and r is the intermolecular separation.
Here, the Chapman–Cowling collision integrals become [16]:
Ω
(i,j)
αβ = σ 2αβ

2πkT
mαβ
 1
2
W (i,j)αβ . (46)
The values of the non-dimensional integrals, W (i,j)αβ , depend
on the reduced temperature, kT/εαβ , and can be found
elsewhere [17].
2.6. Constitutive relations
The evolution equations are supplemented by the constitu-
tive relations for pressure tensor, as well as heat flux vector. In
the 5ν-moment theory, these relations for the partial quantities
take the form of:
Pαij = nαkTαδij − τ αij , (47)
qαi = −
ν
γ=1
λαγ
∂Tγ
∂xi
−
ν−1
γ=1
Mαγ (v
γ
i − vvi ), (48)
where:
τ αij = 2
ν
γ=1
ηαγ
∂v
γ
<i
∂xj>
, (49)
∂v
γ
<i
∂xj>
= 1
2

∂v
γ
i
∂xj
+ ∂v
γ
j
∂xi

− 1
3
∂v
γ
k
∂xk
δij. (50)
Here, ηαγ , λαγ and Mαγ are the transport coefficients associ-
ated with viscous, thermal and thermal-diffusion effects, re-
spectively, and their expressions are presented in Appendix.
In the current multifluid model, the conventional consti-
tutive relations are adopted for the balance equations of the
whole mixture (i.e. Pij = nkTδij − τij and qi = −λ∂T/∂xi with
τij = 2η∂v<i/∂xj>).
I. Zahmatkesh et al. / Scientia Iranica, Transactions B: Mechanical Engineering 18 (2011) 1287–1296 12913. Solution procedure
The balance equations for the component species α of
the mixture in a generalized curvilinear two-dimensional
coordinate system become:
∂Q˜α
∂t
+ ∂ F˜α
∂ξ
+ ∂G˜α
∂η
= ∂ F˜
α
v
∂ξ
+ ∂G˜
α
v
∂η
+ H˜α, (51)
where:
Qα =

Eα
ρα
ραuα
ραvα
 , Fα =

(Eα + pα)uα
ραuα
ραu2α + pα
ραuαvα
 ,
Gα =

(Eα + pα)vα
ραvα
ραuαvα
ραv
2
α + pα
 ,
Fαv =

uατ αxx + vαταxy − qαx
0
τ αxx
τ αxy
 ,
Gαv =

uατ αyx + vατ αyy − qαy
0
τ αyx
τ αyy
 ,
Hα =

nα(Fαx uα + Fαy vα)+ Sαe
0
nαFαx + Sαu
nαFαy + Sαv
 ,
(52)
and:
Q˜α = 1J Qα, F˜α =
1
J
(Fαξx + Gαξy),
G˜α = 1J (Fαηx + Gαηy),
F˜αv =
1
J
(Fαv ξx + Gαv ξy), G˜αv =
1
J
(Fαvηx + Gαvηy),
H˜α = 1J Hα,
(53)
with J being the Jacobian of transformation. Obviously, this set
of equations bears a strong resemblance to the Navier–Stokes
equations for a single-component system. Consequently, the
same numerical methods are applied to these new equations.
In the derived multifluid model, another set of equations is also
solved for the mixture as a whole. For both sets of equations,
an explicit difference scheme is employed and steady-state
solutions are obtained as the limit of a time-evolving process.
The inviscid fluxes are also differenced, based on the Roe
scheme [18], and a simple central differencing is applied to the
viscous terms.
As the two sets of equations are solved, the mass density,
velocity and temperature for the component species, β , are
obtained from the following kinetic relations:
ρβ = ρ − ρα = mn−mαnα, (54)
vβ = mnv−mαnαvαmβnβ , (55)
Tβ = nT − nαTαnβ . (56)Figure 1: Schematic of the first mixture problem.
4. Simulation results
In this section, simulation results for a binary system of
helium–xenon in a converging–diverging nozzle are presented.
As a result of the minor consequences of gravitational
force on the current flow problems, the contribution of this
effect is neglected during the computations. For validation
purposes, and in the absence of experimental data, the
multifluid simulation results are compared with those of the
Navier–Stokes equations [1].
4.1. Mixture flow in a nozzle
As the first example, a compressible gas mixture flow in a
converging–diverging nozzle is simulated. A schematic of the
nozzle is depicted in Figure 1. The problem specifications are:
Nozzle geometry
Size of inlet and exit: 2H = 0.02 m,
Length of nozzle: L = 0.02 m,
Inlet area
Throat area
= 1.18.
Inlet conditions
Stagnation pressure: pt,i = 2100 Pa,
Stagnation temperature: Tt,i = 800 K,
Mixture concentration:

ρHe
ρHe + ρXe

i
= 1
2
.
Exit condition
Pressure: pe = 1500 Pa.
Wall condition
Temperature: Tw = 800 K.
Under this circumstance, the overall Knudsen number of the
mixture [19] remains below 0.001 over the entire flow field.
Consequently, the conventional no-slip and no-temperature-
jump boundary conditions are applicable to the nozzle walls.
The problem is solved using 10,500 (150× 70) nodes based
on a grid refinement study. Results provide details of the flow
fields for each component species separately. For instance,
Mach number contours of helium and xenon are indicated in
Figure 2, which are based on the Lennard-Jones 12-6 potential.
Inspection of the results demonstrates that although helium
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mixture problem. (a) Helium; and (b) Xenon.
flow is subsonic, the xenon gas becomes supersonic in most
of the region. This occurs since the properties of the mixture
constituents are vastly different. Indeed, under the analyzed
circumstance (i.e. Kn < 0.001), molecular collisions are so
frequent that they ensure a local thermodynamics equilibrium
between the components species. Consequently, both helium
and xenon flow with the same temperature and velocity at
each location of the nozzle. Nevertheless, due to their distinct
molecular masses (i.e. MHe = 4.0026 and MXe = 131.30), the
corresponding Mach numbers become vastly different.
In what concerns the centerline distributions of pressure,
temperature and Mach number, simulation results are com-
paredwith those of the Navier–Stokes equations in Figures 3–5.
The influence of the molecular interaction description on the
hydrodynamics of the gas mixture is obvious but not signifi-
cant. Notice that in most of the flow region, the results of the
Navier–Stokes equations and the Lennard-Jones 12-6 potential
lie between those of the hard-sphere and Maxwell molecule.
The discrepancies, however, diminish, as one proceeds along
the nozzle. This occurs, since the static pressure of the outgo-
ing gases is set as a boundary condition.
4.2. Wall-cooling of the nozzle
As the next example, the wall-cooling of the nozzle is
analyzed here. A schematic of the problem is depicted in
Figure 6. It is assumed that helium enters from the inlet ofFigure 3: Centerline distribution of pressure in the first mixture problem.
Figure 4: Centerline distribution of temperature in the first mixture problem.
Figure 5: Centerline distribution of Mach number in the first mixture problem.
the nozzle and xenon, as a coolant, is blown from the wall
downstream of the throat with a temperature of 300 K and
Cartesian velocity components of (100, ±10) m/s. The flow
properties for this case are:
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Figure 7: Concentration contours in the secondmixture problem. (a)Multifluid
model; and (b) Navier–Stokes equations.
Inlet conditions
Stagnation pressure: pt,i = 2100 Pa,
Stagnation temperature: Tt,i = 800 K,
Mixture concentration:

ρHe
ρHe + ρXe

i
= 1.Figure 8: Mach number contours in the secondmixture problem. (a)Multifluid
model; and (b) Navier–Stokes equations.
Exit condition
Pressure: pe = 1500 Pa.
Wall condition
Temperature: Tw = 800 K.
Themultifluid results, in terms of concentration distribution
(ρHe/ρHe+ ρXe), are compared with those of the Navier–Stokes
equations in Figure 7. Here, the Lennard-Jones 12-6 potential
has been utilized for the multifluid simulation. Concerning the
contour plots, the view of the observer is directed towards the
coolant that is blown and convected downstream. The figure
indicates that the multifluid model predicts more penetration
of the xenon particles into the helium flow. Such behavior has
also been observed during analysis of the parallel mixing of
two gas streams [11]. Here, results of the multifluid model
may bemore accurate, since it automatically describes diffusion
processes without the use of any coefficients for ordinary,
pressure and thermal diffusion, which are generally required
during Navier–Stokes computation of gas mixture flows.
The discrepancies that appear in the diffusion pattern of
the aforesaid approaches produce some differences in their
simulation results. This is obvious in Figures 8 and 9 where
contour plots of Mach number and temperature are provided
based on the Lennard-Jones 12-6 potential. Inspection of
Figure 8 indicates that due to xenon blowing at the diverging
part, the effective shape of the nozzle is converging instead
1294 I. Zahmatkesh et al. / Scientia Iranica, Transactions B: Mechanical Engineering 18 (2011) 1287–1296Figure 9: Temperature contours in the second mixture problem. (a) Multifluid
model; and (b) Navier–Stokes equations.
of converging–diverging. Figure 9 demonstrates that high
temperature gradients appear in the vicinity of the diverging
part of the nozzle wall into which the coolant is blown.
Finally, the influence of the molecular interaction descrip-
tion on the hydrodynamics of the gas mixture is analyzed. For
this purpose, results of the aforesaidmolecular models in terms
of the distributions of concentration, Mach number and tem-
perature at the upper half of the nozzle exit plane are illus-
trated in Figures 10–12. Inspection of the figures indicates that
the choice of molecular interactionmodel does not make a sub-
stantial difference in the simulation results. Nevertheless, it is
obvious from Figure 10 that the Lennard-Jones 12-6 potential
is the most diffusive molecular model. Figure 11 demonstrates
that the Mach numbers predicated by the Lennard-Jones 12-6
potential lie between those of the hard-sphere and Maxwell
molecule. This is not, however, true for temperature distribu-
tion as depicted in Figure 12. The small overheating that appears
in Figure 12 can be attributed to the viscous dissipation effect
in the vicinity of the contact surface.
5. Concluding remarks
A recently proposed multifluid model, which had been
applied with hard-sphere molecules, was extended here to
more realistic molecular interaction descriptions. Moreover,
the contribution of external forces was incorporated into the
multifluid balance equations. The resulting equations were,
thereafter, solved for some gasmixture problems in the context
of a converging–diverging nozzle. Concerning the simulationFigure 10: Concentration distribution at the upper half of the nozzle exit plane
in the second mixture problem.
Figure 11: Mach number distribution at the upper half of the nozzle exit plane
in the second mixture problem.
Figure 12: Temperature distribution at the upper half of the nozzle exit plane
in the second mixture problem.
results, one may conclude that the current multifluid model
is superior to the Navier–Stokes equations, since it takes into
I. Zahmatkesh et al. / Scientia Iranica, Transactions B: Mechanical Engineering 18 (2011) 1287–1296 1295account molecular interaction and provides details of the flow
fields for each component species separately. Moreover, it
can automatically describe diffusion processes without the
use of any coefficients for ordinary, pressure and thermal
diffusion, which are generally required during Navier–Stokes
computation of gas mixture flows.
Although the choice of molecular model did not make
a substantial difference in the simulation results, it was
demonstrated that the Lennard-Jones 12-6 potential is themost
diffusive molecular model. Further investigation into diverse
circumstances is required before a general conclusion can
be drawn about the importance of the molecular interaction
description on the hydrodynamics of gas mixtures. This is
planned for future work.
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Appendix
Transport coefficients in the multifluid model
In the current multifluid model, the transport coefficients
that appear in the constitutive relations are calculated, similar
to Marques Jr. [20], as:
ηαα = xαkTA4A1A4 − A2A3 , ηαβ =
xβkTA2
A1A4 − A2A3 , (A.1)
ηβα = xαkTA3A1A4 − A2A3 , ηββ =
xβkTA1
A1A4 − A2A3 , (A.2)
λαα = 5k2mα
xαkTB4
B1B4 − B2B3 ,
λαβ = 5k2mβ
xβkTB2
B1B4 − B2B3 , (A.3)
λβα = 5k2mα
xαkTB3
B1B4 − B2B3 ,
λββ = 5k2mβ
xβkTB1
B1B4 − B2B3 , (A.4)
Mαα =
pαxβC(z2αB2 − z2βB4)
B1B4 − B2B3 ,
Mβα =
pβxαC(z2αB1 − z2βB3)
B1B4 − B2B3 , (A.5)
where:
A1 = 85xαΩ
(2,2)
αα +
16
5
xβzβΩ
(1,1)
αβ

10
3
zα + zβ
Ω
(2,2)
αβ
Ω
(1,1)
αβ

, (A.6)
A2 = 165 xαzαzβΩ
(1,1)
αβ

10
3
− Ω
(2,2)
αβ
Ω
(1,1)
αβ

, (A.7)
A3 = 165 xβzαzβΩ
(1,1)
αβ

10
3
− Ω
(2,2)
αβ
Ω
(1,1)
αβ

, (A.8)
A4 = 85xβΩ
(2,2)
ββ +
16
5
xαzαΩ
(1,1)
αβ

10
3
zβ + zα
Ω
(2,2)
αβ
Ω
(1,1)
αβ

, (A.9)B1 = 1615xαΩ
(2,2)
αα +
16
3
xβzβΩ
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αβ
×
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2
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αβ
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αβ

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αβ
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, (A.10)
B2 = 163 xαzαz
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C = 40
3
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1− 2
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(1,2)
αβ
Ω
(1,1)
αβ

, s (A.14)
with xi = ni/(nα + nβ) and zi = mi/(mα + mβ). These ex-
pressions provide evidence that the choice of molecular inter-
action model influences the transport properties through the
Chapman–Cowling collision integrals.
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